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Introduction {#sec1}
============

The RNA poly(A) tail is an essential component for most mRNA required for their stability, nuclear export, and translation efficiency ([@bib3]; [@bib6], [@bib7]; [@bib15]; [@bib17]; [@bib19]; [@bib20]). The global dynamics and function of mRNA poly(A) tail-mediated post-transcriptional regulation is highly underestimated owing to technical difficulties in sequencing long homopolymeric sequences on standard second-generation sequencing platforms. TAIL-seq and PAL-seq (poly(A)-tail length profiling by sequencing) methods with customized base-calling algorithm or sequencing chemistry on Illumina platform were developed to estimate the lengths of poly(A) tails ([@bib2]; [@bib18]). In addition, TAIL-seq revealed that the 3′ ends of mRNA poly(A) tails can be modified by other bases ([@bib2]; [@bib9], [@bib10]). Short RNA poly(A) tails can be terminally U modified by TUT4/7, which can promote the degradation of the marked mRNA ([@bib9]). In contrast, mixed tailing of RNA poly(A) tails by TENT4A/B can introduce G modifications that attenuate the degradation of the mRNA poly(A) tails, resulting in stabilized RNA with G modifications at the end of the tails ([@bib10]).

Interestingly, studying the meiotic cell cycle of oocytes at multiple stages in multiple species, including *Drosophila*, *Xenopus*, and mouse, revealed drastic dynamics of global RNA poly(A) tails during the meiotic cell cycle with a clear link that longer poly(A) tails were generally associated with increased efficiency of mRNA translation ([@bib4]; [@bib11]; [@bib13]; [@bib14]; [@bib18]; [@bib21]). Some of the cell cycle-related genes are periodically expressed, whereas most of the genes show relatively stable steady-state transcript level throughout the mitotic cell cycle ([@bib1]; [@bib16]). However, little is known about the dynamics and roles of RNA poly(A) tails during mitotic cell cycle. Combination of poly(A) tail analysis by TAIL-seq and translation efficiency by ribosome profiling revealed that less than 2% genes showed more than 2-fold change in their poly(A) tail length ([@bib2]; [@bib16]). In addition, the length change of a poly(A) tail minimally affects mRNA translation efficiency in somatic cell cycle as long as the tails are longer than 20 nt ([@bib16]). Therefore, the significance of poly(A) tail dynamics during somatic cell cycle awaits further exploring. Here, we re-analyzed the S phase and M phase TAIL-seq data and found that the terminal modifications of RNAs were globally dynamic during somatic cell cycle.

Results {#sec2}
=======

RNA poly(A) tail 3′ end uridylation can mark the RNA for rapid degradation ([@bib9]; [@bib14]; [@bib23]). First, we looked into the uridylation frequency of RNA poly(A) tails during different stages of mitotic cell cycle. Very interestingly, the M phase RNA poly(A) tails showed much lower frequency of uridylation at their 3′ ends, especially the oligo-U, compared with that from the S phase cells as well as the asynchronized cells ([Figure 1](#fig1){ref-type="fig"}A). Consistently, when looking into individual genes, we can see more than 90% of genes showed lower terminal uridylation frequency in M phase compared with that in S phase ([Figure 1](#fig1){ref-type="fig"}B). We reason that the high level of uridylation in S phase may be correlated with increased global RNA degradation. TAIL-seq can capture RNA both with or without poly(A) tails ([@bib2]; [@bib16]). As poly(A) tail deadenylation is one of the most important steps in RNA degradation, we looked into the amount of RNA with deadenylated tails to estimate the RNA degradation. Interestingly, 73% of genes showed higher percentage of deadenylated poly(A) tails in S phase compared with that in M phase ([Figure 1](#fig1){ref-type="fig"}C), confirming that higher global RNA degradation associated with uridylation in S phase. In supporting the global higher RNA degradation in S phase, we could see higher ribosome engagement of transcripts encoding core components of RNA deadenylation CCR4-NOT complexes, such as *CNOT1* and *CNOT8*, in S phase than that in M phase ([Figure 1](#fig1){ref-type="fig"}D). Consistent with uridylation of poly(A) tails deadenylated by the CCR4-NOT complex ([@bib22]), *TUT4*, encoding the terminal uridylation enzyme in mammals is also highly translated in S phase ([Figure 1](#fig1){ref-type="fig"}E). These findings indicate that compared with M phase there is global RNA uridylation-associated RNA degradation taking place in S phase.Figure 1Poly(A) Tail Terminal Uridylation and Guanylation Cycle during the Mitotic Cell Cycle(A) Frequency of uridylation is significantly lower at M phase compared with S phase. Frequency (y axis) is the fraction of detected reads with uridylation among all reads with poly(A) tails. Blue refers to mono-U, green refers to di-U, and red refers to three or more consecutive U. Async refers to asynchronized cells, M refers to M phase cells, and S refers to S phase cells.(B) The fraction of transcripts with uridylation for each of the genes is significantly lower at M phase compared with S phase (p = 0, one-tailed Mann-Whitney U test). Genes with at least 30 reads with poly(A) tails in both samples are included in the analysis.(C) The fraction of transcripts without poly(A) tails for each of the genes is significantly lower at M phase compared with S phase (p = 7.87 × 10^−36^, one-tailed Mann-Whitney U test). Genes with at least 30 total reads in both samples are included in the analysis.(D) Ribosome protected fragment (RPF) counts for *CNOT1* and *CNOT8* are higher in S phase than those in M phase.(E) Ribosome protected fragment (RPF) count for *TUT4* is higher in S phase than that in M phase.(F) Frequency of guanylation is significantly higher at M phase compared with S phase. Frequency (y axis) is the fraction of detected reads with guanylation among all reads with poly(A) tails.(G) The fraction of transcripts with guanylation for each of the genes is significantly higher at M phase compared with S phase (p = 4.36 × 10^−139^, one-tailed Mann-Whitney U test). Genes with at least 30 reads with poly(A) tails in both samples are included in the analysis.(H) RNA-seq quantification of transcript level for *TENT4A* is higher in M phase than that in S phase.(I) A model for the transgenerational RNA cycle during mitosis.

RNA poly(A) tail 3′ end guanylation catalyzed by TENT4A/B can shield the tails from active deadenylation ([@bib10]), which is opposite to the poly(A) tail uridylation. Interestingly, we could see that the guanylation in M phase cells is higher than that in S phase cells or that in asynchronized cells ([Figure 1](#fig1){ref-type="fig"}F). When looking into individual genes, two-thirds of the genes showed lower terminal guanylation frequency in M phase compared with that in S phase ([Figure 1](#fig1){ref-type="fig"}G). This increased guanylation phenomenon in M phase may be associated with the higher RNA level of *TENT4A* ([Figure 1](#fig1){ref-type="fig"}H). These findings indicate that compared with S phase RNA guanylation may prevent the deadenylation of the RNA in M phase.

Discussion {#sec3}
==========

By reanalyzing the RNA poly(A) tail information from the S phase and M phase of the mitotic cell cycle, we revealed global RNA poly(A) tail terminal modification reconfiguration during the cell cycle ([Figure 1](#fig1){ref-type="fig"}I). The accumulation of terminal uridylation and high deadenylated transcripts at S phase suggest that there is global RNA decay happening around S phase. In turn, the accumulation of terminal guanylation and reduced deadenylated transcripts at M phase indicate that the majority of the transcriptome is protected from active deadenylation during M phase. Taken together, these data reveal that the RNA terminal guanylation and uridylation, two modifications of opposite molecular function in regulating RNA stability, are of complementary dynamics during mitotic cell cycle. Together with a recent report of m6A cell cycle dynamics ([@bib5]), the findings here highlight the functional importance of RNA modifications in orchestrating the mitotic cell cycle.

Limitation of the Study {#sec3.1}
-----------------------

Here, we reanalyzed the previously published datasets and observed the cell cycle-associated global dynamics of RNA poly(A) tail terminal modifications. The function and regulation of this interesting global RNA terminal modification cell cycle dynamics needs further investigation in the future. Moreover, it will be interesting to see if the dynamics is differentially regulated in two daughter cells with distinct cell fates during asymmetric cell division. In addition, the TAIL-seq method used to generate the datasets analyzed here cannot measure the non-A residue modifications within the body of RNA poly(A) tails ([@bib2]); new methods such as PAIso-seq and FLAM-seq may be able to reveal more information about the dynamics of poly(A) tail internal modifications during cell cycle ([@bib8]; [@bib12]). Nevertheless, our findings here reveal a new layer of global post-transcriptional regulation during cell cycle, suggesting a general principle of RNA inheritance and clearance between somatic mother and daughter cells.
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